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INTRODUCTION
1
While some crash types gain increasing attention due to their prevalence (e.g., run-off-the-road 2 and intersection-related crashes), wrong-way driving (WWD) crashes receive special emphasis 3 due more to their severity than to their frequency. This type of crash can occur on any one-way 4 roadway; however, the concentration of most studies has been on controlled-access highways 5 (i.e., freeways, expressways, and Interstate highways) as the speed limit is relatively high and -6
given the manner of the WWD crash, which is mostly head-on or opposite-direction 7 sideswipe − the resulting outcome would be more severe (1) . 8
To obtain a better understanding of the importance of the problem, the Fatality Analysis 9
Reporting System (FARS) database was used to identify WWD crashes within a ten-year period 10 (2004-2013) throughout the United States (U.S.) (2). An average of 265 fatal WWD crashes 11 occurred per year on U.S. controlled-access highways, in which 355 people perished, resulting in 12 almost 1.34 fatalities per WWD fatal crash. The significance of these kinds of crashes 13 is corroborated when this number is compared to the fatalities per fatal crash rate of 1.10 for all 14 other crash types, which translates to 24 more fatalities per 100 fatal crashes for WWD crashes 15 than for fatal crashes in general. Given this evidence, it becomes necessary to identify the factors 16 that best describe the WWD crashes and improve our knowledge of the underlying factors 17 involved in WWD occurrence. 18
The National Transportation Safety Board (NTSB) has asked the Office of Safety 19
Operations of the Alabama Department of Transportation (ALDOT) to develop a comprehensive 20 highway safety program that incorporates, at a minimum, the program elements outlined in the 21 National Highway Traffic Safety Administration (NHTSA) Highway Safety Program Guidelines 22 (H-12-46) with a special focus on WWD crashes. Therefore, the state of Alabama decided that 23 an in-depth investigation of WWD crashes on Alabama Interstates could provide a better 24 understanding of such events. The purpose of this study is to review these severe crashes in 25 depth, to recognize the contributing factors, to delineate between WWD crashes and non-WWD 26 on Interstates, and to provide safety countermeasures and recommendations based on the 27 obtained results that are specific to Alabama. 28
The rest of this paper is organized as follows. A review of the existing literature is 29 provided next. The data used as well as the procedure to identify and verify true WWD crashes is 30 presented. The methodology used in this paper, Firth's model, and its difference from standard 31 binary logistic model (hereinafter "binary model") is described. This model then is applied to our 32 data and the parameter estimates and odds ratio (OR) are presented. Further, the same data was 33 analyzed with binary model to make a comparison between these two models. although WWD crashes cannot be directly extracted from the database. Therefore, it was 27 necessary to define appropriate filters on variables to separate possible WWD crashes for further 28 investigation based on the crash diagram, geographic coordinates, and narrative. All of the 29 variables in the CARE system were reviewed, but only those that could help identify possible 30 WWD crashes were investigated. This effort recognized contributing circumstances, maneuvers, 31 and citations issued for either the crash, the causal unit (CU), or the second vehicle (V2), which 32 may define any possible WWD movements on roadways. The next step was to review the narrative description for all the remaining crash reports 6 in order to confirm that each crash was truly the result of a WWD maneuver. The actual WWD 7 crashes were confirmed with respect to key phrases in the narratives such as "traveling the wrong 8 way", "traveling northbound on the southbound lanes" or "turned right on the northbound exit 9 ramp." Altogether, 93 crashes were verified as true WWD crashes. Our investigation showed that 10 the majority of unverified WWD crashes on Interstate highways were those that happened after a 11 vehicle crossed the median and struck an oncoming vehicle immediately afterwards. For federal 12 and state highways the majority were those driving on the wrong side of the road, as the code to 13 nominate possible WWD crashes contains "wrong side" that inadvertently brings a lot of non-14 WWD crashes into the database. 15 Table 2 This rareness of events in binary logistic regression is known to be especially difficult to explain 10 and predict. Furthermore, most well-known statistical analysis methods, e.g., binary logistic 11 regression, can be heavily affected by this phenomenon and, consequently, the probability of the 12 rare event will be sharply underestimated (21). Second, some categories for WWD crashes have 13 very low frequency, which can cause problems in computations (22). Third, statistical guidelines 14 recommend having at least 10 observations per each explanatory variable in order to make the 15 model and calculate the parameter estimates (23). These issues might limit the applicability of 16 the standard logistic regression, as it uses the MLE, which is known to suffer from the small-17 sample bias. In this situation, a penalized-likelihood approach is proposed (i.e., Firth's logistic 18 regression), which reduces the small-sample bias of the MLE method (24 and 25). 19 Firth (24) introduced a penalized MLE into the binary model that can offset the bias 1 involved in MLE. As we know, in the binary model, the log-likelihood can be formulated as an 2 exponential family model as follows:
where t is the vector of observed sufficient statistics, is the regression parameter to be 7 estimated, and k is the number of parameters estimated. However, the score (gradient) function, 8 which is derivative of the log-likelihood, will be used to calculate the MLE of the parameter 9 as follows: 10 11 [ ( ) Previously, the descriptive statistics of the explanatory variables for each type of crash on 10
Interstates were presented. In this section, these variables will be put into one model for 11 multivariate analysis in order to identify the effect of the explanatory variables on the type of 12 crash altogether. In doing so, Firth's model was found more appropriate than binary model given 13 the nature of the data. The empirical results of this study are presented next. These results 14 include the parameter estimates obtained from Firth's model and the interpretation of these 15 estimates. Moreover, the same dataset was used to fit a binary model and the parameter estimates 16 for this model is also presented. AIC and BIC values for both of these models are calculated and 17 a comparison between these two models are made. 18
The R software package "logistf" was exploited as a comprehensive tool to estimate the 19 effect of various contributing factors on the probability of WWD crashes (27) . First, a model was 20 fit with all possible contributing factors. Subsequently, a backward elimination procedure based 21 on the penalized-likelihood ratio test (as is the suitable procedure for nested models) was 22 employed to produce a final model that best explains the dependent variable. A forward selection 23 process also yielded a similar result. The same data was used to develop a binary model and parameter estimates and ORs 36 were calculated. Having these two models (Firth's model and binary model) on the same data, 37 AIC and BIC were calculated using equations 5 and 6 and are presented in The variables in this group describe the temporal distribution of the Interstate crashes in terms of 3 month, day, and hour. The analysis of the crashes showed statistically significant differences in 4 terms of the month of the year between the two types of crashes. WWD crashes were observed to 5 be more frequent in the months of March, May, and November, accounting for nearly half of all 6 WWD crashes. Crashes that happened in March, May, and November are 3.19, 3.47, and 3.56 7 times more likely to be WWD, respectively. Even though the data analysis showed that WWD 8 crashes were more likely during these three months, no specific reasons were found to explain 9 this phenomenon. Further studies and more data are needed to determine whether the same trend 10 persists over a longer time period. 11
Four periods (categories) were considered for the time of day mainly because of the 12 lighting condition. The hourly distribution also varied throughout the hours of the day, with the 13 late-night and early-morning times comprising the highest frequency of WWD crashes. More 14 specifically, evening and night periods account for about 80% of the total WWD crashes. The 15 results showed that crashes happened during the evening are 2.85 times more likely to be a result 16 of WWD maneuvers. For the nighttime condition, this number increases to 5.50, implying the 17 role of lighting condition and time of day in the probability of WWD crashes. This result is in 18 line with some other studies (3, 8, and 28).
20
Responsible Driver 21
According to the estimation results presented in Table 4 , driver age is found to significantly 22 differentiate between WWD and non-WWD crashes on Interstates in Alabama. While 23 statistically significantly different from other types of crashes, drivers older than 65 years are 24 overrepresented when it comes to WWD. Specifically, drivers older than 65 are 9.07 times more 25 probable to get involved in a WWD crash. This finding which is consistent with the studies by 26
Braam (4) and Lathrop (10), is perhaps related to the diminished visual ability by aging that 27 cause difficulties for this age group to see the signage and pavement markings, specifically 28 during nighttime condition when lighting may be inadequate. should specially target older and DUI drivers given that these two driver groups were 20 significantly overrepresented with higher ORs. Considering that drunk driving occurs most often 21 during evening and night, it was expected that these two variables would both be significant. As 22 for the driver age, the issue might be related to the diminished eyesight and contrast sensitivity of 23 older drivers due to the aging process. Moreover, as drivers grow older, some other abilities such 24 as attention and perceptual processes decrease and the possibility of experiencing impairment 25 while driving increases (32), which in turn intensifies the possibility of WWD movements. One 26 key point in educating older drivers is that this age group does not need more information about 27 traffic rules, rather, they need to understand if they are able to safely drive (33). This has been 28 the motivation for some states to provide a self-assessment tool for senior drivers and help them 29 learn about their abilities to drive. Concerning the increasing percentage of older population in 30
Alabama, this age group should be given special attention. 31
The finding also substantiates the significant role of DUI driving and necessitates the 32 establishment of relevant prevention campaigns and the promotion of stricter rules. In 2014, 33
Alabama joined other 20 states in the U.S. to legislate the use of ignition interlock devices (IIDs)  34 for the first-time convicted drunk drivers. Having the 2014 WWD data can help evaluate the 35 effectiveness of this newly acted law on the number of WWD crashes caused by intoxicated 36 drivers. Studies have shown promising results with the use of IIDs in reducing the recidivism 37 rate among alcohol impaired drivers (34−36). The present study identified the statically 38 significantly increased probability of WWD crashes during evening (2.85 times) and night (5.50). 39
Other than the prevalence of DUI drivers during these hours, the problem with lighting (37) as 40 well as possible drowsiness and fatigue can worsen the situation. 41
Driver residency distance was found a contributing factor. The inclusion of this factor in 42 the final model, meaning that WW drivers are more likely to be close-to-home drivers, suggests 43 the role of distraction, whether as a result of intoxication or of aging, in the probability of WWD. 44
Vehicle age was also the factor that was significant in the Firth's model. The importance of this 45 parameter in the final model can define the economic status of the families based on social 46 processes, such as education. A study by Mohammadian and Miller (38) demonstrated that 1 people with higher level of education are more likely to purchase new vehicles, which reflects 2 their higher salaries compared to people with less formal education. Finally, WWD crashes could 3 be distinguished by the roadway condition, the extent of damage to the vehicle, and the airbag 4 deployment. The latter is related to the type of crash, which is severe and more likely to cause 5 deployment of airbags. 6
Similar to most studies, this study also has some limitations. For example, the data used 7 in this study is just from one U.S. state. Incorporating more data from other states not only 8 bolsters the sample but also can lead to a more comprehensive result and help in developing 9 nationwide countermeasures and strategies. Another limitation of this study comes from the 10 inevitable role of human error in data collection process by police officers that affects the level 11 of detail and accuracy for the obtained significant variables. 
